Motor neuron diseases (MND) are a heterogeneous group of disorders that includes amyotrophic lateral sclerosis (ALS) and result in death of motor neurons. These diseases may produce characteristic perturbations of the metabolome, the collection of smallmolecules (metabolites) present in a cell, tissue, or organism. To test this hypothesis, we used high performance liquid chromatography followed by electrochemical detection to profile blood plasma from 28 patients with MND and 30 healthy controls. Of 317 metabolites, 50 were elevated in MND patients and more than 70 were decreased (p<0.05). Among the compounds elevated, 12 were associated with the drug Riluzole. In a subsequent study of 19 subjects with MND who were not taking Riluzole and 33 healthy control subjects, six compounds were significantly elevated in MND, while the number of compounds with decreased concentration was similar to study 1. Our data also revealed a distinctive signature of highly correlated metabolites in a set of four patients, three of whom had lower motor neuron (LMN) disease. In both datasets we were able to separate MND patients from controls using multivariate regression techniques. These results suggest that metabolomic studies can be used to ascertain metabolic signatures of disease in a non-invasive fashion. Elucidation of the structures of signature molecules in ALS and other forms of MND should provide insight into aberrant biochemical pathways and may provide diagnostic markers and targets for drug design.
Introduction
Motor neuron diseases are a heterogeneous group of disorders with signs and symptoms that affect motor neurons. The causes for these disorders are largely unknown (Rowland and Shneider, 2001) . Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron diseases (MND) in adults, affecting both anterior horn cells and corticospinal tracts. The median age of ALS onset is 55 years. Fifty percent of patients die within three years of onset of symptoms, and 90% die within five years (Kurtzke and Kurland, 1989) . The incidence of ALS is approximately 2 per 100,000 per year (McGuire et al., 1996; Mitsumoto et al., 1998) and may be increasing (Lilienfeld et al., 1989) . The lifetime risk of ALS is 1 in 600 to 1 in 1000. The prevalence is between 4 and 6 per 100,000. The majority of ALS cases are sporadic (SALS); 10% are familial (FALS), some of which arise from mutations in SOD1 (Rosen et al., 1993) , ALS2 (Hadano et al., 2001; Yang et al., 2001) , dynactin (Puls et al., 2003) and senataxin (Lambrechts et al., 2003) . Whether ALS is a single disease entity or a syndrome caused by different conditions remains unknown. Also, it is not clear if MNDs are a spectrum of the same disease. The involvement of both upper and lower motor neurons in ALS sets it apart from motor neuron diseases that involve purely upper or lower motor neurons (UMN, LMN) . No treatment prevents, halts or reverses ALS, although a delay of up to three months in mortality occurs with the use of the drug Riluzole (Bensimon et al., 1994; Lacomblez et al., 1996) .
Multiple mechanisms have been implicated in the pathogenesis of motor neuron death in ALS. These include glutamate toxicity, mitochondrial dysfunction, protein misfolding and apoptosis (Cleveland and Rothstein, 2001 ). This complexity suggests that a global, metabolomic approach might simultaneously survey most or all implicated pathways, thereby revealing a biochemical signature for the disease and providing new insights into disease mechanisms.
Metabolomics is the comprehensive study of the repertoire of small molecules present in cells, tissues, or other biological samples (Harrigan and Goodacre, 2003) . This approach attempts to capture global changes and overall physiological status in biochemical networks and pathways in order to elucidate sites of perturbations (Nicholson and Wilson, 2003; Kell, 2004; Lindon et al., 2004; van der Greef et al., 2004) . It is currently being investigated as a tool for drug safety assessment and disease diagnosis (Lindon et al., 2004) . Metabolic changes have been reported in patients with hypertension and coronary heart disease (Brindle et al., 2002; . Additionally, there is great interest in integrating metabolomic, transcriptomic and proteomic data in a systems biology approach to understanding global changes in biological states (van der Greef et al., 2004) .
We therefore investigated whether MNDs such as ALS are associated with detectable metabolic changes. Biochemical signatures in ALS could provide biomarkers for the disease and its progression, tools for better stratification of patients, and novel therapeutic targets. At present, no single biochemical abnormality has the sensitivity and specificity needed for diagnosing ALS (Rothstein et al., 1990; Camu et al., 1993; Beal et al., 1997; Smith et al., 1998; Beuche et al., 2000; Bogdanov et al., 2000; Simpson et al., 2003) . We looked for global biochemical differences that might distinguish ALS from healthy controls and for biochemical signatures that would enable further sub-classification of MNDs. 
Materials and methods

Clinical samples: MND and control subjects
Sample preparation and analysis
Plasma was obtained from blood drawn into two 10-mL green top tubes containing sodium heparin. All samples were centrifuged at 1800 · g for 10 min within 30 min of collection. The supernatants were aliquoted in multiple cryovials and frozen at )80°C.
Plasma was prepared for analysis by extraction in acidified acetonitrile and analyzed by high performance liquid chromatography (HPLC) coupled with coulometric array detection as previously described (Matson et al., 1984; Milbury, 1997; Kristal et al., 1998; Vigneau-Callahan et al., 2001; Shi et al., 2002) . During the preparation of samples, pools were created from equal-volume sub-aliquots of all samples. Thus, these pools comprised the aggregate analytical complexity of all the samples in the study, and, in principle, contained every significant peak present in any of the samples. Aliquots of the pool were analyzed after every seven samples in the run sequence. The pooling served several purposes. First, the periodic re-analysis of the pool served as a control on the overall performance of the analytical instruments, since replicate analyses should produce similar chromatograms. Second, the pools a In both studies, the proportion of participants taking antioxidants was greater for patients than for controls (p < 8.8 · 10 )6 and p < 3.4 · 10 )4 , respectively, by Fisher's exact test, two sided). b In both studies, the average number of medications was significantly higher for patients than for controls (p < 2.1 · 10 )6 and p < 9.4 · 10 )3 , respectively, by t-test).
provided a benchmark for aligning chromatograms from different samples in the temporal dimension, since all peaks in the samples should be in the pools. Third, the concentration of each peak was expressed as a percentage of the concentration of that peak in the middle pool run. Fourth, the replicate analyses of the pool provided an estimate of the coefficient of variation associated with each peak, that is, the standard deviation of the peak height across pool replicates normalized to mean peak height. Peaks considered in the analysis were those that had good precision in the replicate analyses of the pool. Of the $1500 peaks detected in the pooled samples, 317 were judged to meet this criterion in study1 and 289 in study 2.
Mass spectrometric analysis
LC-MS analysis was conducted on an HP1090 LC (Wilmington, DE) equipped with a Thermo Betasil C18 125 · 2.1 mm, 5 lm reversed phased column (San Jose, CA) with a binary isocratic composition of 65/35% B/A (A=95/5 and B=20/80 of 10 mM ammonium formate/ methanol) at a flow rate of 0.2 mL/min. The LC was coupled to a Finnigan LCQ classic ion trap (San Jose, CA) or Micromass Q-Tof mass spectrometer (Manchester, UK) fitted with an electrospray ionization source and operated in full scan mode in the range from 50 to 500 Da.
GC-MS analysis was carried out on a Thermo PolarisQ gas chromatograph coupled with an ion-trap mass spectrometer (GC-MS). The system was fitted with a 30 m long, 0.25 mm I.D. RTX-5 with a film thickness of 0.25 lm 0.1 lm (Restek Corp. PA). After an initial hold time of five min, the GC column temperature was programmed from 40°C to a final temperature of 340°C at a rate of 20°C/min. The sample was prepared for GC-MS analysis by dissolving in 0.5 mL of N, O-Bis(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 1% Trimethylchlorosilane (TMCS) (Pierce, IL) catalyst and heating in a sealed vial to 60°C for 15 min to form trimethylsilyl derivatives. The derivatized sample was then injected without further preparation into the GC-MS for characterization by electron impact ionization and chemical ionization (CI; CH 4 reagent gas).
Data mining
To determine which metabolites were significantly elevated or reduced in MND: We used three measures of class association, the t-statistic, Pearson's correlation coefficient, and the 'relative class association' measure (Golub et al., 1999) . All three measures produced similar rankings of the metabolites by their level of association with MND versus control. We assessed statistical significance by permutation testing as described (Golub et al., 1999) , and all measures showed similar numbers of metabolites to have significantly higher or lower concentrations in MND compared to controls.
Figures 2 and 4 were based on the relative class association measure (Golub et al., 1999) . For multivariate regression (Figures 3 and 5): Partial least squares discriminant analysis (PLS-DA) was performed using SIMCA-P, v10.5 (Umetrics, Kinnelon, NJ) as described (Manley, 1994; Kennedy et al., 1997; Eriksson et al., 2001) .
Results
Our first study was designed to assess whether there are systematic differences between redox-active metabolites in the blood of patients with MND and healthy controls (table 1). We analyzed the blood plasma of 30 healthy controls and of 28 individuals with MND using electrochemical detection, which consists of high performance liquid chromatography separation followed by with coulometric array detection. This technique separates compounds in two dimensions: by hydrophobicity and oxidation potential (figure 1). Chromatographic data were reduced to tabular form by initial signal processing, which included aligning the chromatograms in the temporal dimension, followed by the use of peak heights as estimators of compound concentration. We obtained relative concentrations for 317 metabolites (Supporting Data Set 1).
Initial exploration of these 317 metabolites in 58 individuals suggested that some metabolites had different concentrations in normal versus MND plasma. The concentrations of some of these metabolites are shown graphically in figure 2. Each column in the grid represents an individual, and each row represents a single metabolite. The color of each cell indicates the concentration of one metabolite in one person, relative to the concentrations of that metabolite in all the samples. For a given metabolite, blue shades indicate lower-thanaverage concentrations, red shades higher-than-average concentrations. Panel A shows metabolites with generally higher concentrations in MND patients than in controls, and panel B shows metabolites with generally lower concentrations in MND patients than in controls. We analyzed these data to determine if these differences were statistically significant after taking into consideration the multiple hypothesis testing implicit in the examination of 317 metabolites. We used permutation tests that randomly reshuffled diagnostic categories to assess which metabolites had statistically significant differences between controls and MND patients. These tests confirmed that over 100 metabolites showed significantly different concentrations in normal versus MND plasmas (p<0.05 by permutation test; figure 2). Inspection of the profiles of metabolites that were elevated in MND patients revealed three apparent subgroups of patients (figure 2a). Examination of clinical data showed that these subgroups corresponded to: (i) ALS patients not taking the drug Riluzole; (ii) ALS patients taking Riluzole; and (iii) a set of four patients (subjects 20, 43, 44, and 48 in Supporting Table 1 ) in which LMN disease was over-represented and that was characterized by a distinctive signature of highly correlated metabolites. As shorthand we will refer to this last subgroup as the subgroup 'enriched for LMN'. The distinctive signature of this group apparently does not stem from any medication specific to this subgroup. Only vitamin E was common to all members of this subgroup, and vitamin E is also taken by a large portion of subjects who do not show this signature (Supporting table 4).
We next analyzed these data to determine if the metabolites were capable of distinguishing four subgroups (normal controls, MND not taking Riluzole, MND taking Riluzole, and the subgroup enriched for LMN) using the 317 metabolite concentrations. Using a supervised projection technique, PLS-DA, we found a three-dimensional projection in which these four subgroups were significantly separate (p<0.01 by permutation test; figure 3a) (Manley, 1994; Kennedy et al., 1997; Eriksson et al., 2001) . Distinctions between subgroups were heightened when the subgroup enriched for LMN was removed (figure 3b).
It was clear that many metabolites strongly associated with MND in the first experiment were found primarily in patients taking Riluzole (figure 2a). This raised the question of whether it would be possible to distinguish MND from control without the metabolites associated with Riluzole use. As few patients were not taking Riluzole, we addressed this question in a second study of 19 MND patients, none of whom were taking Riluzole, and 33 healthy controls. For each subject, we measured the concentrations of 289 metabolites (Supporting Data Set 2). Permutation tests carried out as on the first data set showed six metabolites for which high concentrations were significantly associated with MND (figure 4). The lower number of metabolites that were significantly elevated in MND in this study compared to study 1 appeared to be due to the absence of Riluzoleassociated compounds and to a smaller sample size. Over 70 metabolites had concentrations significantly lower in MND plasma. We also found a projection into two dimensions that clearly and significantly separated the normal controls from the MND patients (p<0.01 by permutation test; figure 5 ). This demonstrated that separation of MND from controls could be achieved even without the strong metabolic signal induced by Riluzole.
In study 1, the signature for the drug Riluzole was strong and could be used to identify an MND patient on the drug with 100% confidence in blinded studies (data not shown). In study 1, a major peak at 80.2 min on channel 5 (peak 1) and a minor peak at 78.9 min on channel 5 (peak 2) were uniquely associated with patients taking Riluzole. The electrochemical signatures of these peaks were typical of a hydroxyl group on a conjugated multiple ring structure. Neither peak corresponded to the retention time and electrical potential of the parent Riluzole compound (72.5 min, channel 8), which was not observed.
These unknown peaks were isolated from pools and concentrated 100-fold by sequential column preparations to allow detection by mass spectrometry (MS). The retention times and electrochemical responses were then cross verified in an MS-compatible HPLC formate Significant association measures at p=0.05 are indicated by black dots at the right. The association measures for the actual data are indicated by red dots. A metabolite is significantly associated with MND if its relative class association (indicated by the red dot) is > than the relative class association in 95% of the randomly permuted replicates (indicated by the black dot). The metabolites that are high in MND define three subgroups. These consist of patients not taking Riluzole, patients taking Riluzole, and four patients with a distinctive signature (indicated by an asterisk). Three of these patients had LMN disease. Supporting figure 1 provides identifiers for metabolite peaks and study participants. 193 166, and 149 . This would suggest that the two peaks are not directly derived metabolites of the drug. However, due to the limited scan range (50-500 Da) in which the LC-MS data were acquired, this does not exclude the possibility of a conjugate or a fragment or an induced metabolite which may lead to a species of molecular mass outside of our scan range.
When the isolated fraction was subsequently examined by GC-MS electron impact ionization, two peaks were observed with spectra consistent with those for the TMS esters of hexadecanoic acid and octadecanoic acid. Further analysis of the sample using methane chemical ionization revealed molecular ions at 641 and 697, inconsistent with hexadecanoic or octadecanoic acid (which had already been eliminated on the grounds of retention time). When MS/MS was performed on the molecular ions, each yielded two fragments: 313 + 331 and 341 + 359, respectively. MS 3 on the 313 and 341 ions yielded a 131 ion. This suggested the two molecules may be fatty acid-containing cellular components whose exact identity is still to be determined.
Discussion
We report that: (i) metabolic profiles based on approximately 300 metabolites permit mathematical separation of MND and control subjects; (ii) MND is associated more with a general down-regulation than elevation of metabolites; (iii) a set of highly correlated metabolites is characteristic of a subset of MND patients that was significantly enriched for LMN disease; (iv) 12 compounds are significantly up-regulated in MND patients taking Riluzole.
The metabolites that are significantly up and down regulated in MND constitute a preliminary biochemical signature for the disease. The specificity of these signatures will be further validated by comparison to metabolic profiles in other neurodegenerative diseases, in neuromuscular disorders, and in additional cohorts of MND patients and healthy controls. If these signatures can be confirmed in a large population of patients just after diagnosis or through retrospective analysis of preexisting banked sera, these signatures would become diagnostic markers for the disease. Such biomarkers, once their chemical identities are determined and mapped to biochemical pathways, may point to new hypotheses about the pathogenesis of MNDs. Additionally, they could enable early detection and serve as surrogate indices of disease activity that would enhance the monitoring of therapeutic effects in treatment trials. Longitudinal studies are needed to achieve this goal.
The drug Riluzole induces a strong metabolic signature. The two most strongly induced metabolites seem not to derive chemically from the drug, but may reflect modified metabolic processes. Elucidating the structures of these molecules could identify biochemical pathways that are subject to perturbations by the drug, some of which could contribute to its efficacy and some to its side effects. Although Riluzole is believed to act through glutaminergic-related pathways, its full mechanisms of action and side effects remain poorly understood.
It remains unclear whether pure LMN disorders, pure UMN disease and ALS share a common underlying pathophysiologic process. Nonetheless, our data suggest that metabolomics might contribute to the classification of MNDs, which will be crucial for basic research and clinical trials. Our data revealed a set of highly correlated metabolites found in a subset of four of the MND patients, all but one of which had LMN disease. Full metabolic analysis of MNDs could result in a better stratification and understanding of these seemingly related diseases.
The initial biochemical signatures for LMN disease and ALS, once confirmed in larger patient populations and studied longitudinally, could lead to identification of diagnostic and surrogate markers for the disease. Such signatures could also enable better stratification of MND subtypes and provide insight into aberrant biochemical pathways and targets for drug design. Metabolomics offers a potentially powerful new tool for a more comprehensive understanding of disease states.
